Molecular gas constitutes the dominant mass component of protoplanetary discs. To date, these sources have not been studied comprehensively at the longest far-infrared and shortest submillimetre wavelengths. This paper presents Herschel SPIRE FTS spectroscopic observations towards 18 protoplanetary discs, covering the entire 450-1540 GHz (666-195 µm) range at ν/∆ν ≈ 400-1300. The spectra reveal clear detections of the dust continuum and, in six targets, a significant amount of spectral line emission primarily attributable to 12 CO rotational lines. Other targets exhibit little to no detectable spectral lines. Low signal-to-noise detections also include signatures from 13 CO, [C i] and HCN. For completeness, we present upper limits of non-detected lines in all targets, including low-energy transitions of H 2 O and CH + molecules. The 10 12 CO lines that fall within the SPIRE FTS bands trace energy levels of ∼50-500 K. Combined with lower and higher energy lines from the literature, we compare the CO rotational line energy distribution with detailed physical-chemical models, for sources where these are available and published. Our 13 CO line detections in the disc around Herbig Be star HD 100546 exceed, by factors of ∼10-30, the values predicted by a model that matches a wealth of other observational constraints, including the SPIRE 12 CO ladder. To explain the observed 12 CO/ 13 CO ratio, it may be necessary to consider the combined effects of optical depth and isotope selective (photo)chemical processes. Considering the full sample of 18 objects, we find that the strongest line emission is observed in discs around Herbig Ae/Be stars, although not all show line emission. In addition, two of the six T Tauri objects exhibit detectable 12 CO lines in the SPIRE range.
INTRODUCTION
The formation of planets and planetary systems occurs early in the evolutionary sequence of a star when the circumstellar disc is still gas-rich at stellar age 1-10 Myr (see reviews by Hillenbrand 2008; Williams & Cieza 2011) . Although the value of the gas-to-dust mass ratio in protoplanetary discs is uncertain (e.g., Meeus et al. 2010; Thi et al. 2010; Bergin et al. 2013) and may vary over time and with location in the disc, gas does represent the dominant mass component and is mainly in molecular form . Due to the wide range of physical conditions prevailing in protoplanetary discs (e.g., total hydrogen densities ∼10 4 -10 14 cm −3 , temperatures ∼20 K to several thousand K), observations at many different wavelengths are required to characterize fully their dust and gas content.
The observational proof of circumstellar discs was provided by detections of infrared excess over stellar photospheres (Strom et al. 1989) and by resolving kinematic signatures in CO spectral lines (e.g., Sargent & Beckwith 1987) . While circumstellar discs have only been discovered around a few young high-mass stars ( 8 M ) (e.g., Kraus et al. 2010; Sandell & Wright 2010; Wang, Van der Tak, & Hogerheijde 2012; Sánchez-Monge et al. 2013) , they are found to be ubiquitous around low-to intermediate-mass young stellar objects, i.e., T Tauri stars and Herbig Ae/Be stars (e.g., Dent, Greaves, & Coulson 2005; Silverstone et al. 2006; Luhman et al. 2010) , in accordance with the well-known evolutionary sequence of low-mass star formation (e.g., Shu, Adams, & Lizano 1987; Larson 2003) . Due to lower luminosity and temperature of the central star, discs around T Tauri stars experience lower temperatures in irradiated upper disc layers and also reach lower temperatures in their outer mid-planes (Tgas down to 14 K, Akimkin et al. 2013) than those around Herbig Ae/Be stars (Tgas> 20-25 K, Nomura & Millar 2005) . In addition, polycyclic aromatic hydrocarbon (PAH) molecules are often found in discs around Herbig objects (e.g., Acke et al. 2010) . PAHs contribute to raising gas temperatures in irradiated gas layers through photoelectric heating. Consequent changes in chemistry in the gas phase and on grain surfaces may be the cause for the observed lack of diverse molecular signal in both outer and inner regions of Herbig Ae/Be discs, as compared with T Tauri discs (e.g., Öberg et al. 2010 Dutrey et al. 2014; Pontoppidan et al. 2014 ). Emission lines due to rotational transitions of CO, however, are routinely detected in Herbig Ae/Be objects, both from the ground in low-energy transitions (e.g., Dent et al. 2005; Öberg et al. 2010; Guilloteau et al. 2013) and from space in high-energy transitions (e.g., Meeus et al. 2001 Meeus et al. , 2012 Meeus et al. , 2013 . Low-energy CO rotational line flux (Jup 3), observable at wavelengths of ∼0.8-3 mm from the ground, originates primarily in the outer parts of a circumstellar gas disc. Smaller radii are probed by Jup∼15 to 30 rotational lines at wavelengths below 200 µm (ISO LWS, Meeus et al. 2001 ; Herschel PACS, Meeus et al. 2012 Meeus et al. , 2013 and mid-infrared ro-vibrational transitions (e.g., Blake & Boogert 2004; Hein Bertelsen et al. 2014) . The intermediate range (3<Jup 15), however, has been challenging to study comprehensively, as observations are limited by narrow atmospheric transmission windows in the submillimetre or the relatively narrow instantaneous bandwidths of the space-based high spectral resolution THz spectrometer HIFI on board Herschel.
In this paper, we present submillimetre/far-infrared measurements of 18 protoplanetary discs, 12 around Herbig Ae/Be stars and 6 around T Tauri stars, obtained with the Herschel SPIRE (Spectral and Photometric Imaging REceiver) spectrometer (∼200-700 µm). Key parameters of the 18 sources are listed in Table 1 . The spectral lines from the CO rotational ladder presented here bridge the gap between those observable from the ground, with energy levels up to ∼50 K, and those above 500 K in the range of ISO (Kessler et al. 1996) and more recently the Herschel PACS instrument (Poglitsch et al. 2010) . Probing the full range of molecular energy levels has the advantage that radially separated origins of lines in discs allow for a physical decomposition of disc structure, even from spatially unresolved observations with single dish observatories, e.g., see Bruderer et al. (2012) , Fedele et al. (2013b) and Podio et al. (2013) . The broad instantaneous bandwidth of the Herschel SPIRE spectrometer, covering ten consecutive CO lines of Jup=4-13, allows the first comprehensive study of the mid-J CO rotational ladder, providing important information about the gas excitation conditions between radii of typically several tens au and several hundreds au.
This paper is organized as follows. Section 2 describes the SPIRE FTS observations and the data processing. Section 3 presents all spectral line detections and upper limits. The detected CO rotational ladders are analysed and compared with existing, detailed physical-chemical protoplanetary disc models in Section 4. Section 5 describes tentative trends in the dataset and discusses detections and upper limits of species other than CO. Finally, the most important conclusions are summarized in Section 6.
HERSCHEL SPIRE SPECTROSCOPIC OBSERVATIONS AND DATA PROCESSING
A sample of 18 protoplanetary discs was observed with the SPIRE spectrometer (Griffin et al. 2010) on-board the Herschel Space Observatory (Pilbratt et al. 2010) in the context of two Guaranteed Time (GT) projects and one Open Time project. Table 2 outlines the observational details: twelve targets under GT1 golofs01 4, two in GT2 jbouwman 3 and four in OT1 kponto01 1. The execution time (and on-source integration time) for the targets studied in this paper from each of the three respective programmes was 12.9 (12.0) h, 1.6 (1.5) h and 9.9 (9.5) h. The observations span the spectral range between 450 GHz and 1540 , simultaneously observed in the two bands of the SPIRE Fourier Transform Spectrometer (FTS). The spectrometer long wavelength (SLW) and spectrometer short wavelength (SSW) bands span 450-985 GHz and 960-1540 GHz, respectively. The observed discs, with angular sizes of at most a few arcseconds, are point-like relative to the angular resolution of the Herschel SPIRE FTS (beam FWHM of 43-17 ). The objects were therefore observed in sparse spatial sampling mode (see SPIRE Observers' Manual 2011), with the central detectors of the two arrays pointed at the source and the off-centre detectors providing a measurement of diffuse, extended background emission. The absolute calibration un- Table 1 . Key parameters of the sources. The Herbig Ae/Be discs with and without flaring, respectively, are listed first, followed by the T Tauri discs. Within each group, the ordering is by spectral type from early to late. certainty of SPIRE FTS for point-like sources observed in sparse spatial sampling mode is 6% (Swinyard et al. 2014) .
To identify any line emission present in the observed frequency range, the high spectral resolution mode was chosen (see SPIRE Observers' Manual 2011). Lines originating from cold gas in individual circumstellar discs will be spectrally unresolved, given the instrumental resolution of 1.2 GHz (ν/∆ν ≈ 400-1300). The processed spectra of the two GT projects have been made available in electronic form through the 'user provided data products' section of the Herschel Science Archive 1 . The steps taken in the data processing are described in the remainder of this section.
The raw data were processed with the SPIRE FTS 'point source' pipeline (Fulton et al. 2010) in version 11 of HIPE, the Herschel Interactive Processing Environment (Ott 2010) . A non-standard version of the pipeline was used for five specific observations (see Table 2 ), which included an empirical correction 2 of the SLW continuum shape for effects of an anomalously low cryocooler evaporator temperature (Hopwood, private communication; see also Hopwood et al. 2013) . The resulting data products contain the source spectra, observed with the central detectors of the two arrays and spectra of the surrounding background emission observed with the remaining unvignetted detectors (16 for SSW and 6 for SLW).
For the majority of our source sample, a contribution from diffuse, extended background emission is evident and results in an offset in flux density between spectra from the central detectors of SLW and SSW at frequencies where the two bands overlap . If the source spectrum is contaminated by emission from spatially extended components, the considerably larger and more complex SLW beam (Makiwa et al. 2013 ) will pick up more power than the corresponding SSW detector in the same spectral range. To establish a representative spectrum for the background Table 2 . SPIRE FTS observational details. The 12 targets in the first segment of the table were observed as part of Herschel programme GT1 golofs01 4, HD 179218 and HD 50138 were observed under programme GT2 jbouwman 3, and the 4 targets in the last segment under programme OT1 kponto01 1. Observation coordinates, listed in column (2) and (3), are uncertain by typically ∼2 (Sánchez-Portal et al. 2014) . Herschel observation identifiers (obs. id.) and observation dates are listed in columns (4) and (5). Column (6) lists on-source exposure time: 133.25 s for each scan pair, i.e., one forward and one reverse scan. Column (7) denotes whether or not any background emission was subtracted from the spectrum. Column (8) indicates whether or not a non-standard pipeline was applied to correct effects of low cryocooler evaporator (CEV) temperature.
(1) emission component, measurements from the off-centre detectors (first ring for SLW, second ring for SSW, both centred at ∼50 from the central position) are used. Data from the known outlier detectors SSWE2 and SSWF2 are always discarded, which is standard practice in the background subtraction script provided within HIPE. Additional visual inspection of data from the remaining nine SSW and six SLW detectors ensures that no additional outliers are folded into the background determination. In practice, at most one of these spectra is excluded. The 'spectrometer background subtraction' script in HIPE calculates an average background spectrum, which is subsequently subtracted from the central spectrum. No significant background is detected in the observations of HD 169142 and HD 100453 and background subtraction is therefore not applied (see Table 2 ). For these two objects, the intensity levels measured in the frequency range where the two bands overlap already match well. For all other targets, the background subtraction strategy reduces or eliminates the intensity offset between the two bands. The resulting spectra are presented in Fig. 1 .
The off-centre subtraction method applied here subtracts not only continuum emission originating in the diffuse background, but also spectral line signal, where present. This process ensures that contributions to the line signal from diffuse interstellar gas are subtracted before the results are interpreted in the context of circumstellar disc physics. The extended nature of specific spectral lines is discussed further in Section 3.
In the particular case of the spectrum of HD 97048, the subtraction of background emission led to an increased jump in intensity between the two bands, with the SSW signal falling below that of SLW. A pointing offset of 3. 6 (±2 ) was discovered in the observation of this target, providing a possible explanation for the jump. Therefore, after the background subtraction, the measured flux density 'missed' due to the pointing offset was corrected, amounting to a frequency-dependent increase of 7-12% across the SSW band (Valtchanov et al. 2014) . Since the SLW beam is considerably larger than the SSW beam, the flux loss due to a pointing error is <1% across the SLW band in this case.
The angular sizes of the protoplanetary disc objects studied in this paper (Table 1) are generally small compared to the beam size of SPIRE FTS (17-43 ). In principle, the point source pipeline calibration is only suitable for fully pointlike targets. At the upper end of the disc size estimates, the largest targets, HD 100546, HD 163296 and TW Hya, would have an angular diameter of ∼8-9 . While a method exists to calibrate measurements of semi-extended sources with SPIRE FTS (Wu et al. 2013 ), we choose not to scale our spectra to compensate for effects of a deviation from a fully point-like emission region, for the following reasons. Firstly, for the above cases the resulting frequencydependent flux scale factor would be typically <2% to at most 7%. Corrections for all other targets would be even smaller. Secondly, caution should be exercised before applying a general 'correction' based on the spatial extent of a source, since the subcomponents that give rise to emission in dust continuum and in several atomic and molecular lines may have distinctly different sizes. Such is the case for example for HD 100546, AB Aur, HD 163296, and TW Hya, where interferometric images show that the CO gas disc extends to radii several times larger than the dust disc (Pineda et al. 2014; Piétu, Guilloteau, & Dutrey 2005; Isella et al. 2007; De Gregorio-Monsalvo et al. 2013; Andrews et al. 2012 ). Figure 1 shows the observed dust continuum and spectral line emission for all 18 targets. A study of the multiwavelength dust spectral energy distributions of HD 100546 and HD 142527 will be presented by Bouwman et al., (in prep.) and Min et al., (in prep.) . Since this study focuses on gas content of protoplanetary discs, in Fig. 2 we highlight specifically those six targets where more than three spectral lines are detected. Spectral line parameters are determined using the IDL based 'FT Fitter' 3 program, which has been specifically developed to fit simultaneously both continuum and line signal from generic Fourier transform spectrometers. The continuum and lines in the spectra for each source are fit independently for the SLW and SSW bands. The instrumental line shape of the 'unapodized' product is well represented by the canonical Sinc function. We do not apply any apodization functions, designed to mitigate the 'ringing' of the Sinc lines, because they come at the expense of decreased spectral resolution (Naylor & Tahic 2007) .
OBSERVED SPECTRAL LINE EMISSION

Spectral line detections
The centroid line velocities (in the respective LSR frames) derived from the fitted line centroid frequencies and the spacecraft velocity at the time of observation are always within ∼80 km s −1 from source velocities known from higher spectral resolution observations Dent et al. 2005; Panić et al. 2008; Thi et al. 2001) . In fact, in two thirds of the cases, line velocities are consistent with known source velocities to within the associated uncertainties. Typical fitted uncertainties range from 5 to 25 km s Figure 2 . SPIRE spectra of sources with more than three spectral lines detected at 3σ. Spectra are shown here after subtraction of a third order polynomial fit to the continuum baseline. The high frequency end of SLW (>960 GHz) is not shown because it is noisier than the overlapping part of SSW. Laboratory frequencies (JPL database, Pickett et al. 1998 ) for species detected in our spectra are indicated in the third panel. Dotted lines in the other panels mark those lines that are detected in each individual source. Note that each spectral line is unresolved and is dominated by the instrumental Sinc profile (discussed in Section 3.1 and see also Fig. 3 ), including sidelobes, mainly visible near the stronger lines, e.g., the highest frequency CO lines in the top panel. The broader spectral features visible in the HD 97048 spectrum, e.g. near 1480 GHz and near 1250 GHz, are not believed to be real astronomical signal.
result confirms that line centres can be determined from FTS spectra with an accuracy far exceeding the instrumental spectral line width, but that it becomes less reliable for lower signal-to-noise lines (Naylor et al. 2000; Davis et al. 2001) . The internal motions (turbulence, rotation) in protoplanetary discs have a magnitude of at most a few km s −1 and are therefore unresolved in our data. In this paper, we focus purely on integrated line intensities.
In Table 3 , we present the integrated intensities of lines detected in the spectra shown in Fig. 2 , i.e., for sources with >3 lines detected at 3 σ. Integrated intensities of lines from sources with fewer highly significant detections are presented in Section 3.2 and Table 4 , along with upper limits for non-detections. The large majority of line detections are identified as pure rotational lines of 12 CO and 13 CO. There are a handful of unidentified line detections, but all are below the 4 σ level and therefore not listed in Tables 3 and  4. All integrated intensities given in Table 3 represent line signal associated with the compact disc objects, corrected for contributions from diffuse, extended background. The information from off-centre detectors in the SPIRE FTS detector arrays allows us to separate spatial components of emission (see Section 2). For example, line emission from the fine structure transitions of the neutral carbon atom (C 0 ) at 492 GHz and 809 GHz is seen towards all objects that exhibit CO emission. Due to comparable line strengths at off-centre positions around most targets, however, these C 0 signatures disappear after background subtraction has been applied. Figure 3a shows zoomed spectra of DR Tau before and after background subtraction. The original CO 7-6 line signal is not affected by a contribution from diffuse background and is purely attributable to compact emission. On the other hand, only a small fraction of the original flux in the neighbouring [C i] line originates from the compact object. This situation is seen not only for DR Tau, but for all targets with significant line emission, where often both [C i] fine structure lines ( 3 P1-3 P0 and 3 P2-3 P1) are detected, but little to nothing remains after subtracting the extended background contribution. Similarly, the strong N + 3 P1-3 P0 fine structure line detected at 1461 GHz towards HD 163296 (Fig. 3b) is found to originate exclusively in surrounding Table 3 . Integrated line intensities measured in the background-subtracted SPIRE spectra of sources with >3 lines detected at 3 σ. Uncertainties are listed in square brackets and represent a quadratic sum of the formal fitting error and the 1-σ noise measured in the continuum in a 50 GHz spectral region around the line in question. For non-detections, the intensity column is marked with a '-' symbol and the uncertainty column lists the 1-σ local continuum noise. Marginal detections (<3 σ) are marked by a * symbol. Rest frequencies and energy levels are taken from the JPL database (Pickett et al. 1998 Figure 3 . (a) Zoom of the 60 GHz section of the DR Tau spectrum centred around the CO 7-6 and [C i] 3 P 2 -3 P 1 lines. The line of the neutral carbon atom coincides with the first sidelobe of the neighbouring CO line, but has significant flux of its own before background subtraction (grey), while its strength is reduced considerably after background subtraction is applied (black; same spectrum as in Fig. 2 background medium. The two examples shown in Fig. 3 serve to illustrate the importance of background subtraction of both continuum and line signatures, to avoid misinterpretations of the data. Finally, the lowest J CO lines that we detect also include significant contributions from extended emission, e.g., in AB Aur, where, again, the off-centre detectors allow a subtraction of the diffuse background.
While the background subtraction method applied here accounts for truly diffuse emission with angular scales of 1 , an emission region that is less extended, but still larger than pointlike, i.e., ∼10-30 , could remain unseen by the ring of off-centre detectors used to probe extended emission. Such angular scales cover sizes of protostellar envelopes that are known to surround some of the star-disc systems in our sample. We suspect contributions from an extended envelope in at least the following cases: the few lowest energy SPIRE CO lines in AB Aur (cf. spectrally resolved components in CO 2-1 in Tang et al. 2012) , CO 4-3 in DR Tau (cf. CO 3-2 in Thi et al. 2001 ) and possibly HD 100546 (cf. nondetection of CO 5-4 in Table 3 ). Table 4 lists line detections and upper limits in the 12 sources with up to 3 3 σ line detections, beyond the 6 linerich sources already presented in Section 3.1 (see Fig. 2 and Table 3 ). Upper limits are calculated from local continuum rms values (in Jy) measured in 50 GHz bins, multiplied by the instrumental line width of 1.18 GHz. Even though they are not detected in any of the spectra presented in this paper, we include limits for the CH + J=1-0 transition and eight H2O lines with Eup/k < 400 K in the bottom sections of Tables 3 and 4 . These important tracers are expected to provide constraints for astrochemical models (see also Section 5.3 and 5.4). Any spectral lines that are not listed can be assumed to have intensity limits comparable to those of nearby lines in the same spectrum. For lines at frequencies where the two bands overlap (960-985 GHz), the limit obtained from the SSW band (higher frequencies) will provide the most stringent constraint.
Upper limits and faint detections
As expected, noise levels in line-free continuum are generally lowest for the longest observations, i.e., those of FZ Tau and VW Cha (2.8 h), followed by DR Tau (2.1 h). This increased sensitivity translates into lower 1-σ upper limits on non-detected lines in these spectra (Tables 3 and  4 ), compared to most other targets that were observed for <2 h and typically 0.9 h each (see Table 2 ).
Assessment of calibration accuracy
For HD 100546, several spectral lines detected in our Herschel SPIRE observation (Table 3) have also been observed with other instruments, namely CO 6-5, CO 7-6 and [C i] 3 P2-3 P1 with CHAMP + on APEX ) and CO 10-9 with HIFI on Herschel (Fedele et al. 2013b) .
The integrated line intensity from the APEX measurement of CO 6-5 at 691.5 GHz, T mb dv = 17.7±0.9 K km s −1 , corresponds to (14.3±0.7)×10 −18 W m −2 , using the conversion in Appendix A. This value is consistent with the SPIRE measurement of (15.7±2.3)×10 −18 W m −2 to within errors, even without taking into account the absolute calibration uncertainties of both instruments.
In contrast to CO 6-5, the CO 7-6 and [ from SPIRE. Even when the 30% absolute calibration uncertainty for CHAMP + at these frequencies ) are incorporated, their values remain inconsistent with the SPIRE measurements. The latter should be seen as more reliable, given the higher signal-to-noise and smaller calibration errors. The background subtraction for SPIRE is based on a full ring of detectors, instead of a single off-position, as used for APEX, and the result is robust against filtering certain detectors. In addition, the SPIRE CO 7-6 line flux fits in the natural trend set by the nearest J CO rotational lines (see Table 3 ), which would be broken by the much lower APEX value. This internal consistency also imparts confidence in the SPIRE line detection of the nearby neutral carbon line. Possible implications of the revised neutral carbon emission line strength are discussed below in Section 5.5.
The Herschel HIFI line strength of CO 10-9 reported by Fedele et al. (2013b) Swinyard et al. 2014 ) and HIFI band 5a (∼14%, Roelfsema et al. 2012 ) are taken into account.
ANALYSIS
Temperature components in rotation diagrams
A commonly used technique to analyse a wide range of rotational transition lines from a single species is a rotation diagram (Goldsmith & Langer 1999) . In principle, this method allows a derivation of the number of emitting molecules and of the gas temperature, but it relies on the assumptions that (i) local thermodynamic equilibrium (LTE) applies, (ii) the emitting areas are equal (or much smaller than the beam) for all observed transitions, (iii) all probed gas can be characterized by a single temperature, and (iv) the emission lines are optically thin. For pure rotational line transitions of CO in protoplanetary discs, typically only the first of these conditions holds. Nevertheless, the rotation diagram provides a useful tool to gauge variations between different disc sources. The vertical and horizontal axes y (a function of the integrated line intensity F ul for each transition from upper level 'u' to lower level 'l'), and x (upper level energy of that transition) can be related through:
where h and k are the Planck and Boltzmann constants, Table 4 . Integrated intensities of (weak) lines in the 12 targets not listed in Table 3 . Uncertainties, in square brackets, are the same type of 1-σ errors as in Table 3 . Most entries in this table are non-detections, marked by a '-' symbol; in these cases the uncertainty represents the 1-σ upper limit. The top section contains lines that are detected in at least one source (see Table 3 ); the bottom section contains limits for lines that are not detected in any sources. Rest wavelengths and upper level energies for each transition are given in respectively, gu is the statistical weight of state 'u', A ul is the Einstein coefficient for spontaneous emission, ν ul is the frequency related to the energy difference between states 'u' and 'l', Q is the partition function, and d is the distance to the source. If all the above assumptions hold, a determination of a will yield the rotational temperature Trot. Likewise, c would be a measure for the total number of emitting molecules N , but only if the beam filling factor f in Eq. (1) is either assumed to be uniform or can be constrained using high angular resolution observations. Since this paper does neither, the analysis in this section is restricted to the slope, a, of the rotation diagrams. Figures 4a,b ,c show rotation diagrams of three Herbig Ae/Be sources with at least nine CO line detections in Herschel SPIRE (this work) and Herschel PACS (Meeus et al. 2013) combined, augmented by ground-based datapoints in the (sub)millimetre gathered from the literature (see Appendix A). Note that some of the CO rotational lines probed here may be optically thick. The high optical depth is corroborated by predictions from numerical models (e.g., Bruderer et al. 2012) as well as by the low value of the observed 12 CO/ 13 CO integrated intensity ratio (in cases where 13 CO is detected: ∼3-10 for AB Aur and HD100546, see Table 3 ). Thus, the derived values for rotational temperature should not be interpreted as the kinetic temperatures of the gas:
To compare our results with rotational diagrams from earlier work by Meeus et al. (2013) , we derive rotational temperature values from linear regression fits to two separate energy ranges, chosen such that each of the two can be represented as well as possible by a straight line. The Trot values of the warm components found in Fig. 4a ,b,c are consistent with those from fits to the PACS-only dataset from Meeus et al. (2013) , i.e., the warmest of the two components for HD 100546 and the single-component fits for HD 97048 and AB Aur. For HD 100546, the break between the cold and warm components is at the same energy of Eup/k = 1200 K both here and in Meeus et al. (2013) . For the other two sources, the highest few lines in the SPIRE range fall on the same linear relation in the rotation diagram as that defined by the PACS measurements.
We have chosen not to include the CO 23-22 line (Eup=1524 K) in this analysis because there are indications that this PACS detection may suffer from instrumental effects that lead to a systematic overestimate of the line flux. For example, Meeus et al. (2013) showed that CO 23-22 falls above the trend set by the other lines in all six sources of their sample of eight in which this line is detected, including AB Aur and HD 97048.
When the lines from the SPIRE FTS measurements are added to the rotation diagrams (Fig. 4a,b,c) , it becomes apparent that additional, colder components need to be invoked for AB Aur and HD 97048, at ∼80 and ∼20 K, respectively. In the case of HD 100546, for which Meeus et al. (2013) already introduce a two-component fit, the colder of the two drops from ∼280 to 215 K by adding the SPIRE line measurements. The curvature of the trend plotted out by the observed data points suggests that even two discrete temperature components are insufficient for HD 100546.
In conclusion, the SPIRE measurements of intermediate J CO lines connect the ground-based lines (Eup/k < 50 K) with the PACS lines (Eup/k > 500 K) in the rotation dia-grams. A cooler component of CO gas is revealed that was not seen in the PACS-only study. As discussed above, most of the conditions on which the rotation diagram method is based do not hold for physical conditions prevailing in protoplanetary discs. In reality, molecular line transitions of different energies arise from (radially) different locations in the disc. More sophisticated models must be applied to take into account the detailed physical and chemical structure of discs (see Section 4.2). Figure 4d shows the rotation diagram of the T Tauri object DR Tau, where two components are required to fit the SPIRE line detections. The spectrally resolved CO 3-2 measurement allowed Thi et al. (2001) to separate contributions from the disc and the extended envelope. The point shown in the rotation diagram represents purely the disc contribution. The adjacent, but spectrally unresolved, 4-3 line observed with SPIRE is also likely to suffer from contributions from the extended envelope, so we plot it as an upper limit in the rotation diagram. The derived rotational temperature of the warm component for DR Tau is lower than for the Herbig Ae/Be objects in the other three panels. Confirmation of this difference should come from (non-)detections of higher J CO lines in PACS observations (Blevins et al., in prep.) , which probe the high energy range unaccessible to the ground-based and SPIRE observations presented here.
Comparison with protoplanetary disc models
In this paper, we do not aim to provide an exhaustive explanation of the observations using complex protoplanetary disc models. Instead, we present in this section a comparison of the new SPIRE data of three sources for which detailed chemical-physical models have been published in the literature. These models of the discs around HD 100546, HD 163296, and TW Hya are generated by the thermochemical protoplanetary disc model code ProDiMo (Woitke, Kamp, & Thi 2009; Kamp et al. 2010) and are based on a large set of multiwavelength observational constraints. The spectral line energy distributions (SLED) for the first two of these targets are shown in Fig. 5 . In any targets where the CO 23-22 is reported in PACS studies (Meeus et al. 2013) , we regard this value as an upper limit (see Section 4.1).
HD 100546
The ProDiMo model for HD 100546 shown in the top panel of Fig. 5 is drawn from work by Thi et al. (2011) , and fits the near-infrared to millimetre continuum spectral energy distribution and near-infrared interferometric data of this source (Benisty et al. 2010; Tatulli et al. 2011) . The model reproduces the [O i] and [C ii] fine structure lines, the CH + rotational lines (Thi et al. 2011) , low-J CO emission, as well as the v=1-0 CO ro-vibrational lines in Hein Bertelsen et al. (2014) . Figure 6 shows the radially separated origin of the suite of rotational lines of CO from the model by Thi et al. (2011) , illustrating that the CO rotation diagrams in Section 4.1 would not be expected to yield a single value for Trot. The figure also confirms that the 12 CO rotational lines are optically thick and originate in the upper layers of the outer disc. . Observed CO spectral line energy distributions of the two targets with at least three CO lines detected in the SPIRE bands, for which a ProDiMo model is also available (black crosses). In addition, for HD 100546 we also show in green plus symbols the model provided by Bruderer (private communication), calculated directly from the model as published in Fedele et al. (2013b) . Observed line detections are shown as (blue) squares, and 3-σ upper limits are shown as triangles for lines that are either not detected or detected at 3 σ. Error bars represent the combination of line intensity errors (see Table 3 for SPIRE) and the absolute calibration uncertainty, 6% for SPIRE, 30% for PACS (see PACS Observers' Manual 2013, section 4.10.2). Data points with open markers are either ground-based (Appendix A), i.e., at lower energies than the SPIRE data points, or from Herschel PACS measurements at higher energies (Meeus et al. 2013 for HD 100546; Meeus et al. 2012 for HD 163296) .
Although the ProDiMo model for HD 100546 was not tailored to fit the intermediate-and high-J range of the CO rotational ladder, the model points are always within a factor 3 of the observed CO line fluxes (Fig. 5, top panel) . However, the observed SLED appears to level off around Eup/k=200 K, roughly mid-way through the SPIRE range, whereas the current ProDiMo model continues to increase up to 1000 K. This may indicate that the (radial and vertical) temperature structure of the model disc needs to be adjusted. Specifically, since the CO rotational lines detectable by SPIRE and PACS are optically thick, the shape of the rotational SLED is sensitive to adjustments of the gas temperature in the relatively tenuous, irradiated upper layer of the disc, where PAHs are the dominant heating agent. Apart from the shape of the optically thick 12 CO SLED, there is a larger discrepancy with respect to 13 CO line strengths predicted by the ProDiMo model (not shown). Several 13 CO lines between 6-5 and 11-10 are detected in HD 100546 (Table 3) at intensities of (6-17)×10 −18 W m −2 , while the 13 CO lines predicted by the model are factors of ∼10-30 weaker. To test the dependence of modelled 13 CO line intensities on total gas mass, we inspect the results from a model with a gas-to-dust ratio of 100, compared with ∼1 in the original model. We find that line intensities for 13 CO increase by a factor 100, putting them well above the measured 13 CO rotational lines. On the other hand, the 12 CO rotational line intensities increase by factors ∼10-30 (<100 due to higher optical depth) leading to a significant overestimate of the observations. An intermediate value for gas-todust ratio could bring the 13 CO line intensities closer to the observed values, but would still grossly overestimate 12 CO. The inability of current models of HD 100546 to fit the 12 CO and 13 CO ladders simultaneously could be due to a combination of reasons. Besides the radial and vertical structure of Tgas mentioned above, isotope selective photodissociation, which would suppress the 13 CO abundance in low extinction regions (Visser et al. 2009 ), and chemical fractionation, which would affect the 12 CO/ 13 CO ratio in colder layers deeper in the disc (Duley & Williams 1984) , could play a role. Neither of these isotope selective processes are implemented in the ProDiMo code. Future investigation is needed to determine which of the above processes is dominant in the 13 CO line emitting regions, in order to explain the measured 13 CO line strengths, expected to better trace total disc mass, while still retaining the good match of the more optically thick 12 CO ladder in the current model. For comparison, the top panel of Fig. 5 also shows the CO SLED from a different model for the same source developed independently by Bruderer et al. (2012) and most recently updated in Fedele et al. (2013b) . Since these authors have focused attention on the CO ladder as observable with Herschel PACS and HIFI, their results (from the model as presented in Fedele et al. 2013b) follow the shape of the observed SLED even closer than the ProDiMo description does, while also reproducing the broadband continuum spectral energy distribution (Mulders et al. 2011) . The approaches taken in each of the two codes are distinctly different in some aspects, for example with regard to unknown heating efficiency of small dust particles and PAHs, and adopted formation rates of H2. In general, calculations by different PDR codes are prone to large differences in resultant gas temperature (see the comparison study by Röllig et al. 2007 ). Small deviations in physical structure, radiative transfer, or chemistry are expected to translate non-linearly into changes in the gas temperature in the upper layers of the outer disc, and thus the resulting CO rotational line intensities. The gas-to-dust ratio adopted in the Bruderer et al. model is 20 times higher than in the published ProDiMo model. Given our 13 CO detections, detailed predictions for 13 CO line intensities using a time-dependent, isotopologue selective chemistry could reveal the true total gas mass in the disc of HD 100546. Such processes are currently being implemented within the framework of the model by Bruderer et al., who have yet to publish predictions for 13 CO line intensities. Further comparison of the different methods and assumptions used in the two independent codes may guide refinement of models, leading to predictions that better match all observational constraints.
HD 163296
The ProDiMo model points for HD 163296 shown in the bottom panel of Fig. 5 are derived from the model defined by Tilling et al. (2012) , which fits the optical to millimetre continuum spectral energy distribution, low-J CO line intensities and spectral profiles from ground-based interferometric observations (Isella et al. 2007 ). The CO SLED predicted by this model, however, falls a factor 2-4 short of the observed mid-to high-J CO lines, including those presented in this work. The H2O lines detected in the mid-and far-infrared with Spitzer IRS and Herschel PACS (Pontoppidan et al. 2010; Fedele et al. 2012; Meeus et al. 2012) are also underproduced by the ProDiMo model. This shortfall of specific molecular line intensities indicates that the gas at radii 100 au is likely warmer than what is predicted in the Tilling et al. (2012) Kamp et al. (2013) present a ProDiMo model for the disc surrounding the T Tauri star TW Hya. It reproduces the observed line strength of CO 18-17 presented in the same paper. In contrast, the 4-σ detection of CO 13-12 for TW Hya reported here (Table 4) is almost 10 times higher than the intensity resulting from the Kamp et al. ProDiMo model. This model's underestimation of the CO 13-12 line intensity for TW Hya, however, should be interpreted with caution. The 13-12 line in the TW Hya SPIRE SSW spectrum has a spectral signature consistent with the instrumental line shape, but the adjacent 12-11 and 11-10 lines are not detected and imply 3-σ upper limits of roughly half the detected line intensity of J=13-12. These and other upper limits to CO line intensities from TW Hya are not inconsistent with the ProDiMo model.
TW Hya
DISCUSSION
Mid-J CO lines as a disc temperature probe
In protoplanetary discs, the mid-J CO lines observable by SPIRE (Tables 3 and 4) are optically thick and originate from the disc's upper layers. Their intensities are therefore sensitive to the gas temperature in those regions (see Section 4.2.1). We have divided our sample into T Tauri objects and Herbig Ae/Be objects (see Table 1 ), the latter with stronger stellar UV flux than the former. In addition, discs around Herbig Ae/Be stars are categorized depending on their flaring geometry (e.g., Meeus et al. 2001) . Compared to a flat structure, such a flaring geometry would lead the disc surface to intercept considerably more UV flux and thereby heat up more the disc's upper layers. In contrast, X-rays irradiation, which is typically stronger for T Tauri discs than for Herbig Ae/Be discs, seems to have little effect on modelled CO chemistry and thermal balance (Aresu et al. 2012; Aresu, private communication) . Therefore, assuming a UV driven thermal balance, flaring Herbig discs are expected to show the strongest mid-J CO emission. In this subsection, the CO J=10-9 line is taken as representative for the mid-J CO ladder and is compared with other observational metrics to derive qualitative conclusions.
First, it appears that in our sample the flaring Herbig discs are generally brightest in both mid-J CO and the local continuum (near 250 µm), whereas most T Tauri discs and flat (non-flaring) Herbig discs are less bright. This conclusion is tentative, however, given that our sample consists of only four to eight objects in each of the three categories. Secondly, CO 10-9 may be correlated with both 3 P1-3 P2 line emission (at 63µm, observed with PACS, Meeus et al. 2012 Meeus et al. , 2013 Kamp et al. 2013; Fedele et al. 2013a; Howard et al. 2013; Thi et al. 2010 ). With only four or five targets in our sample detected in these lines, however, there are too few data points to be conclusive. A statistical correlation between CO 10-9 and [O i] 63µm would be interesting, given that these two lines are seen to originate from roughly the same spatial region in ProDiMo models.
HCN J=11-10 detections
Compared to
12 CO, the hydrogen cyanide molecule (HCN) emitting area lies deeper in a protoplanetary disc, since it only becomes abundant in regions where the gas density and UV extinction are both high (e.g., Jonkheid et al. 2007) and its rotational transitions have higher critical densities than those of CO. We report here detections of the J=11-10 transition of HCN at 974 GHz towards three of the flaring Herbig Ae/Be discs: HD 169142, AB Aur and HD 100546, though only at < 3 σ (Tables 3 and 4) . In HD 169142, the ratio beween the integrated intensities of the brightest CO line and HCN 11-10 is ∼1, whereas the same ratio in AB Aur and HD 100546 is between 4 and ∼20.
To our knowledge, no ground-based (sub)millimetre HCN detections have been reported in the literature for HD 169142 and HD 100546, so the J=11-10 SPIRE measurements constitute the first detections of a rotational line of HCN towards these two objects. For AB Aur, Fuente et al. (2010) report a detection of HCN 3-2 with the EMIR receiver at the IRAM 30-m Telescope, with a spectral line profile suggestive of a disc origin. Their integrated line intensity converts to 4×10 −21 W m −2 , yielding an HCN 11-10/3-2 ratio of ∼500-2500. Finally, the SPIRE spectrum of TW Hya yields a 3-σ upper limit of 8×10 −18 W m −2 for the integrated intensity of the HCN 11-10 line, but the HCN 4-3 line was detected towards the same target (1.1×10 Van Zadelhoff et al. 2001 ). The resulting HCN 11-10/4-3 ratio is constrained at 100.
Future work employing detailed physical-chemical models is warranted to investigate what information the HCN rotational lines provide on the denser, deeper parts of protoplanetary discs. More sensitive observational constraints at various submillimetre frequencies, for example from ALMA, could help to construct a full HCN SLED, much like the ones shown for 12 CO in this work that probe the tenuous upper disc layers. Contrary to CO, the HCN rotational lines are split into hyperfine components and, specifically in the lower J states of HCN, care should be taken to account for the effects of hyperfine line anomalies (Loughnane et al. 2012) .
CH
+ in HD 100546 and HD 97048
The CH + J=1-0 line at 835 GHz is not detected in any of the 18 targets studied in this paper. Upper limits for its intensity are listed in Tables 3 and 4 . Here we highlight HD 100546 and HD 97048, for which the 3-σ upper limits for the lowest rotational transition of CH + are 6×10 
Upper limits on low-excitation H2O lines
The 3-σ limits to the integrated intensities of low-excitation H2O lines between 500 and 1500 GHz ( (Hogerheijde et al. 2011 ) are both comfortably below the upper limits derived from our SPIRE spectrum. Panić et al. (2010) , but our SPIRE measurement is believed to be superior (Section 3.3). If this [C i] emission originates from the disc, the comparatively low C/O ratio employed in Bruderer et al. (2012) , Bruderer (2013) and Fedele et al. (2013b) , inspired by the APEX upper limit, may no longer be necessary. In fact, the SPIRE [C i] intensity is roughly consistent with the 4×10 −18 W m −2 in the 'representative model' of Bruderer et al. (2012) . On the other hand, the ProDiMo model for HD 100546 (Thi et al. 2011; Hein Bertelsen et al. 2014 , see also Section 4.2.1) predicts a [C i] 809 GHz line flux of 17×10 −18 , considerably closer to the SPIRE line detection than to the earlier non-detection by Panić et al. (2010) .
Neutral carbon emission towards HD 100546
One possibility for reconciling the two apparently inconsistent observations of the [C i] 3 P2-3 P1 line is that the SPIRE measurement may include a contribution from a component other than the disc of HD 100546. This explanation, however, is deemed unlikely for the following two reasons. First, a fully diffuse component would likely extend over several arcminutes on the sky and would therefore have been caught by the off-centre detectors in the SPIRE array (see Section 3.1), which it was not. Secondly, a relatively compact envelope type structure (within ∼30 ) that may have escaped the SPIRE off-centre detectors is unlikely to emit significantly in [C i] lines, as already argued by Bruderer et al. (2012) . The best way to resolve the apparent inconsistency between the two observations is to obtain a more sensitive, spectrally resolved observation of the line that could also identify the kinematic origin of any detected line signal.
CONCLUSIONS
This paper presents Herschel SPIRE spectroscopic data in the continuous 450-1540 GHz range (666-195 µm) of a sample of 18 protoplanetary discs. Of these spectra, six targets show a significant amount of detectable spectral line signal, while most other targets only exhibit continuum emission.
The spectral line detections are dominated by ten consecutive rotational lines of mid-J 12 CO (J=4-3 up to 13-12), and also include low signal-to-noise signatures from 13 CO, [C i] and HCN (Section 3). The CO transitions observed with SPIRE trace rotational energy levels between ∼50 and 500 K. Augmented with observations of lower and higher energy transitions from the literature, the CO rotational ladder is compared with existing, published physical-chemical models of discs, where available (Section 4).
From the collected data and models, we find the following.
(i) The 12 CO spectral line energy distribution (SLED) of the disc around Herbig Ae/Be star HD 100546 is optically thick across the SPIRE frequency range and is well matched, within a factor 3, by two completely independent model codes.
(ii) The 13 CO line detections in our SPIRE spectrum of HD 100546 exceed the values predicted by the ProDiMo model by factors >10. It is not straightforward to adjust the model to scale to the 13 CO observations without compromising the match to the 12 CO counterpart. Isotope selective (photo)chemical processes may play a role, and should be investigated in more detail in numerical models.
(iii) In the sample, composed of 12 Herbig Ae/Be objects and 6 T Tauri objects, the brightest mid-J CO emission is typically observed in discs around Herbig objects, specifically those with flaring disc geometries. In contrast, there are also Herbig objects with little to no detectable line signal in our SPIRE observations. In addition, two of the six T Tauri discs do show significant CO line emission, although these detections are aided by the deeper integrations towards these targets.
(iv) There may be a correlation between the cooling power through the [O i] 63 µm line and that of the CO rotational lines, but our collection of overlapping data points is too sparse to be definitive.
(v) Besides the 12 CO and 13 CO lines, we tabulate for all 18 targets upper limits at the frequencies of CH + (J=1-0) and of eight low-energy H2O transitions, to be used as constraints for future physical-chemical modelling.
(vi) The SPIRE observation of HD 100546 reveals a detection of [C i] 3 P2-3 P1 at 809 GHz (370 µm) that is inconsistent with a previous ground-based measurement with the APEX observatory ). The Herschel observation presented in this work (see Table 3 and Sections 3.3 and 5.5) does not suffer from atmospheric attenuation and has better accuracy than the earlier ground-based one.
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